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CMOS Transistors
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CMOS Transistors
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Doping in Silicon

For silicon: —
p dopant: B, Al, Ga, ... e s o e T
n dopant: P, As, Sb, ... o s e o
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Doping in Silicon

For silicon:

p dopant:

B, Al, Ga, ...

A
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Doping in GaAs

P

H
For GaAs: — 5[ 6] 7] 8] 9 ‘I?ﬁ
p dopant: T I DR P N

Al ISP I8 |CI |Ar
1

replace Ga: Mg, Zn, Be U P P P e B
replace As: C n |sn |sb |Te |1 |Xe

81| 82| 83| 84| 85| 86
I [Pk 1BiI |Po [At [Rn

n dopant:
replace As: Se
replace Ga: Si, Ge
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Doping Methods
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= Thermal diffusion 33 &

" lon implantation EF;¥A

" |n situ growth [R{i{54¢
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Thermal Diffusion - Silicon

Sources

= Phosphorus (P)
o Liquid - POCI,
n Gas - PH,;

= Boron (B)
o Liquid - BBr,
5 Solid - B,O,
7 Gas - B,H;

= Arsenic (As)
5 Solid - As,0,
7 Gas - AsH,

13
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Thermal Diffusion - Silicon

Gas Source Diffusion

or ;ffksH3 " -
or B,Hg Ar
with Ar \ j

L B B B B B B B BN BN B B B BN B N B B BN BN B R B B B B BN BN

»

2PH, (g) — 2P (in Si) + 3H,
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Thermal Diffusion - Silicon

Liquid Source Diffusion
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Fig. 4.27 Liquid-source diffusion system. 15



Thermal

Diffusion - Silicon

Solid Source Diffusion

Platinum Slices on
source boat carrier

—

Valves and
3 flow meters
Carrier gases
Fig. 4.26

e s

ol
Quartz /

diffusion tube

Solid-source diffusion system.

To vent

Xing Sheng, EE@Tsinghua

16



I Xing;Sheng, EE@Tsinghua

Thermal Diffusion - Silicon

Spin-on doping k;[/)
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Thermal Diffusion

" Process Parameters
o Time
0 Temperature
0 Gas pressure
7 Gas flow rate

= Control Parameters
7 Junction depth
0 Doping concentration
7 Doping profile

Ln (Dopant Concentration)

Diffused
Acceptor
Concentration

X, = junction
depth

18
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Diffusion Law

Liquid

‘

f”‘

J

D

concentration (mol/m?3)
diffusion flux (mol/m?/s)

diffusivity (m?/s)
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Solid

C(x, t)
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Diffusion Law
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" Fick's first law

1D J:—DG_C 3D J=—-DVC
OX
" Fick's second law
2
1D 8_C:D8(2? i L _pvic
ot OX ot

J: mol/m?/s D: m?/s C: mol/m?3
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Dopant Diffusivity in Silicon

= Diffusivity (¥ 8( &%) D

7 rate of spread
g unit: cm?/s

D = D, exp(—

L,
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= Diffusion length L
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Dopant Diffusivity in Silicon

Motion of atom —»

T o - . g
& g T TR T b
[ I - = f .
- o g o e
o ] . y iy e %
i o Sl B
Fo T [t Ty
Ir iy .,
= kL i =
: ; :
v
‘hl. - = "%, TR

<«— Motion of vacancy

(a) Vacancy mechanism (b) Interstitial mechanism

B, P, As, Sb, Si, ... Cu, Fe, Li, H, Au, ...
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Dopant Solubility in Silicon

maximum dopant amount in silicon
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Dopant Diffusion in Silicon

when the source is semi-infinite,
and the surface is at the solubility limit C_

2
o _
ot OX

C(x>0,t=0)=0

X
C(x=+00,t>0)=0 C(x,t)=C -erfc
C(x=0,t>0)=C,,

Error Function 24
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Dopant Diffusion in Silicon

when the source is semi-infinite,
and the surface is at the solubility limit C_

In(C,)
th

In(C)
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Dopant Diffusion in Silicon

when the source is limited,

2
o _
ot OX

C(x=0,t=0)=0
C(x>0,t=0)=0
C(x=+40,t>0)=0

Gaussian Function




I Xing Sheng, EE@Tsinghua

Dopant Diffusion in Silicon

when the source is limited,

In(C)

Gaussian Function 27



Diffusion Masks

SiO, can provide a selective mask against
diffusion at high temperatures. (Dg5, << D)

Oxides used for masking are ~0.5-1um thick.

Dopants Diffusion Constants at 1100 °C (cm?3/s)
B 34 x107-20x 10

Ga 5.3x10" (not good for Ga)

P 29 x10%-2.0x 101

As 1.2 % 10-1¢ - 3.5 x 1018

Sb 9.9 x 10°"7

Q: why not photoresist?

Mask thickness (jtm)

Xing Sheng, EE@Tsinghua

1. Grow field oxide
oxX

2. Etch oxide for pMOSFET
© 1

oxX.

—

p-type substrate
3. Diffuse n-well

Diffusion time (hr)
SiO, masks for Band P
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Laser Assisted Annealing

L'Jupimi.' SOUrce
Base dopant

Diclectric layer
o R T o R

Emitter dopant Molten silicon

Silicon base

local heating
29
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Doping in Nano Devices

atomic density of Si=5 * 10%2 /|cm3

if the transistor size is s
10 nm * 10 nm * 10 nm, RUEIR! o
and doping concentration is

1*1018 /[cm3

TYEAA &.1*(3:} hc-.n-.‘*.—‘);ff
ﬂw.lz B Pt

¥ uJ:xJJI.Iﬂ:u

\4

There is only 1 dopant atom In the transistor!

30
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Single Atom Doping

The dopant is provided by
self-assembled molecular monolayers

Molecule 1

o o L S

o’ D ®)
HHHHHHHHH Molecuet HH\N HHH\ HH LlAIH THF HH\HHH\HH Mniecuiez HH\HHH\ HH
e
95°C, 16 h 70 G 2h DCC DMF

Surface 1 Surface 2 Surface 3 RT,48h Surface 4

X. Gao, et al., Nature Comm. 9, 118 (2018) 31



Doping Methods
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= Thermal diffusion 33 &

" lon implantation EF;¥A

" |n situ growth [R{i{54¢
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lon Implantation (B A\)

e @
%8S e 1% 0
+ ® g Ps .‘.
20-400 kV/ © o o ® ¢ ¢ ¢ ¢¢
2-10
D Rl 111111 :
¥
- 00000000
b 00000000 0000
O 00000000 0000000
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_ implantation process after implantation

Video
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lon Implantation - Advantages

Precise control of dose, depth and profile

Low temperature process

Tailor lateral distribution

Wide selection of dopants

Xing Sheng, EE@Tsinghua
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lon Implantation - Advantages

" Precise control of dose, depth and profile

N

B
-

Thermal diffusion

X

VS.

lon implantation
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lon Implantation - Advantages

" Low temperature process
n implantation at room temperature
7 mask materials: photoresist, SiO,, metal, ...

36
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lon Implantation - Advantages

= Lateral distribution

NEUTHAL PARTICLES CHARGED PARTICLES [ IONS)
e ®& o4 o CHONONORORCRONCMONO
N ) R-
=» U ot o O
~ ﬂ ] ) - el
¥ l ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥

Thermal diffusion lon implantation
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lon Implantation - Advantages

= Lateral distribution

Distance (1um)

0 0.2 0.4 0.6 0.8 1.0
Distance (1um)

shadow effect 28



n-Si

Self Alignment

n dopant

n-Si

polysilicon silicon

Nn-Si
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Dopant Distribution
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" Process Parameters
dopant type (B, P, As, Sb, ...)
implantation dose (#/cm?)
energy (eV)

substrate orientation

anneal time

anneal temperature

o o a o a g

= Control Parameters
0 Junction depth
0 Doping concentration
7 Doping profile

40
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Simulation Software - SRIM

SkV 30kV

+HA 2504 ‘ T T

L Depth vs. Y-Axis 1L Depth vs. Y-Axis
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Simulation Website

Dopant: Diffusion Temperature: Diffusion Time:

: i e : Substrate Depth (0: [

) Arsenic 1000 °c] 10 [minutes] " | [pm]

9 Beiri ‘ Calculate Concentration |

) Phosphorus o

Implant 1 .

lon ‘100 | lon Concentration at x: ‘4.089165464949088&2 ‘ [atoms/em’]

Energy: (ke (0-400)
lon Dose: {1,314 J

[ions/cm?’] 1E20
1E19
&
S 1E18
L]
E 1E17
S
L]
= 1E16
S
j 1E15
o=
% 1E14
2 1E13
&
3. 1E12
=
1E11
1E10

& X A
oF o oF oM oM P o o B oM oF! o8 0P o8 o 10 T°

Depth in substrate (um)

http://cleanroom.byu.edu/implantcal 42




Dopant Distribution
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dopant type

o™

N tuhsals o ETd
FRSR NSNS UJ—IJ

T T TTTTI

sol ,f Arsenic
at H E_r "L- v, Phosphorus
E l )n \ Eoron

Concentration (cm )
—
[
-
0

-
[

,_
=

0 200 400 600 &00
Depth (nm)

L00C
43
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Dopant Distribution

dose

Dose Dependence of 100 P Implant into 5i, 0 Tilt

Phosphorus Concentration

44
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Dopant Distribution

energy
1 . Qe I
1‘ " Bin si
| . 2

T 50 keV/ Dose: 107 ¢cm |
r*,=- |
=
5
= 100 keV
= A ,
' G’E . 1{]25 i ]
= | 200 keV
£ 400 keV
-
[
-
=
&

1 |

0

0 0,5 1,0 1.5

Depth [pm] —a= 45



Dopant Distribution
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C(x)~exp

Ideal case: Gaussian profile

Ni(x)

1.0

0.8

0.6

04

0.2

(Gaussian

Rp
i
!
!
!
I
!

|
| AR,

r: RP = :‘?..35 ﬁRp
|

0.5

1.0 1.5 2.0

x;‘Rp
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Dopant Distribution

Light atoms (e.g. B): back scattering
Heavy atoms (e.g. Sb): forward scattering

1020
Boron (light)
38 keV

'
\ '
,
,

1019 7

1018 |-

Concentration (cm—3)
-

1017 t

Antimony 360 keV

(heavy)

| I !

\
\
\
\
\
\
1
\
1
\
\
\
1
1

|

0 0.05

0.1 0.15 0.2
Depth (Lm)

0.25 0.3
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Dopant Distribution

(110) axial (111) planar
et "

lon Channeling

(CHERR)

O""’\/.'

implantation is generally

carried out with wafers
tilted a few degrees
relative to the beam

48
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Dopant Distribution

T T 1 T T T I I
1.0 o -
! 1| ‘\ Nonaligned implant ;
/ onaligned implant 538
03 - ,r | 'i(‘/_ (nonchanneled) it
' '
I | \
I AR\
ko) / | \
2z, I.I' | \
04 l= | < 100>-aligned implant
' | (channeled)
0.2 Hi'P' Eg-xf:'lc |
|
| \
0 ] ] 1 I ] | ] 1
1.0 2.0 3.0 4.0
ion channeling X/R, 49



Xing Sheng, EE@Tsinghua

Reduce Channeling Effects
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b
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Implantation Damage

bbb

.Go G, O & 00 0O »
Implant Damage & Inactive Dopant
amorphous — o o %

O © Y o ov O

Light Heavy
ion 10n

collision  Video: Bullet in gel
cascade
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Implantation Damage

0 0~ O A O O O A
o e Implant Damage & Inactive D opant

RN

anneal &
activation

Annealed D muge& ActweDop ant 0

'.‘.‘............‘.'.’.'
S0 0 0 0 L0 8 8 __ 0 0 __0__0__0__8 o 0 __8__ &

@ = dopant ions

Implanted

After diffusion

Figure 6.43 Evolution of Gaussian profile after annealing. The Gaussian
preserves its shape as it diffuses in an infinite medium.
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Effect of Annealing

1{ x—R ’
Co(x)NeXp{_zi AR pJ }
2
6C - D a C Implanted

E_ Ox”

After diffusion

C(x,t =0) = Cy(x)
C(x=400,t>0)=0 /ﬁi

* Figure 6.43 Evolution of Gaussian profile after annealing. The Gaussian
preserves its shape as it diffuses in an infinite medium.
| x—-R) |
C(x,t)= Q2 -exp| — 5 (AR2 pZ)D
J27(AR? +2Dt) | 2AR,+2Dt) 53
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Effect of Annealing

2-D Diffusion with »» = 0.1
time (f) =0

2
o _
ot OX

s
;

=&
tn
L

=4
L

~
n

C(x,t=0)=C,(x)
C(x=+40,t>0)=0

Transport property profile (u) —

[
¥

1

1

' 0.5
* « Spatial co-ordinate (y) e Spatial co-ordinate (x) —

- (x — Rp)2
2
I 2(AR; + 2Dt)_

C(x,t) = 2 - €Xp
\J27(AR? +2Dt)
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Sheet resistance/(€2/1)

Effect of Annealing
‘activate’ dopants by annealing
500 7/

P+ implantation on Ge:
i 30 keV; 1X101% cm—2
annealing time: 15 s
300
200
100 -
0 ’fff 1 | | l ] ]
0 450 500 550 600 650 700

Annealing temperature/°C

Xing Sheng, EE@Tsinghua
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Make Silicon-on-Insulator (SOI)

1 1 1 1 l l 1 oxygen ion implant

Stlicon wafer

'SIMOX"
Separation by IMplanted OXygen

56
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Make Silicon-on-Insulator (SOI)

'Smart-Cut’

. . At ~400-600°C wafer
Hydrogen implantation

through thermal oxide

A separates from B

t H k
dose ~1-5e16 cm-2 a . 2 pea
LT B B
/ A —
{ A
Ca . Handlewafer B is bonded

After low temperature splitting, SOI wafer (B) is annealed ~1100°C to
strengthen the bond, whereas wafer A is reused. SOI film thickness
set by H2 implant energy and BOX thickness 57



Doping Methods
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= Thermal diffusion 33 &

" lon implantation EF;¥A

" |n situ growth [R{i{54¢

58
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Doping of Gallium Arsenide (GaAs)

= GaAs growth

5 MOCVD: Ga(CH,), + AsH, — GaAs + 3CH,

n add dopant gas: SiH,, Mg, Zn, ...

o vertical structures with high quality thin-films

% # materials
K1 [TMGa]

thickness (nm) | doping (cm3) | dopant
TMGa M MGE n+ GaAs contact 200 6e18 Si
n+ InGaP wind ow 30 2e18 Si
kz [TBAS] n+ (zaAs emitter 100 2el1d Si
TBAS ——=> AsH ks [MMGa] (_% p- GaAs base 2500 1e17 Zn
=0 @ {i ; p+ Al,,Ga, As BSF 100 518 Mg
’ < \ - / p+ Gahs substrate bel1d Mg

Example: GaAs solar cell

59



GaAs VCSEL
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" Vertical Cavity Surface Emitting Laser

o growth with in situ doping
0 isolation by ion implantation

A 4 | Light Ring-shaped
Current fllow | ) 'It:mr.-'-smn contact
HH{ # lon-implanted
[ I AL} region
“-—R\ p -lype GaAs - /_ o ‘\
Y I|_ |'I/f p-ivpe distributed
AR m— R Bragg reflector
L] Y (DBR)
[EIpe contmatient iy ex GalnP/AlGalnP

N 1,1\ active region

n-type confinement layer

=

¥ n-type
| distributed Bragg
< reflector (DBR)

n -type GaAs substrate

ion implanted (H*, O, ...)
region for isolation

highly damaged and
resistive region

60



Xing Sheng, EE@Tsinghua

Doping of Gallium Nitride (GaN)

" n-GaN is easy
0 use Si to replace Ga

= p-GaN is very difficult

0 use Mg to replace Ga, but ...

H. Amano, et al., Jpn. J. Appl. Phys. 28, L2112 (1989)
S. Nakamura, et al., Appl. Phys. Lett. 64, 1687 (1994)

) L i 7

. Akasaki H. Amano S. Nakamura

2014 Nobel Prize in Physics

) '
Mg —o deep level
acceptor

VBA.

Localized, deep acceptor

hydrogen reduces distortion 61
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Doping Measurement

Commonly used diffusion profile measurement techniques

Profile techniques

Characteristics

Capacitance-Voltage

Differential conductance

Spreading resistance

SIMS

Radioactive tracer
analysis

Rutherford backscattering
Nuclear reaction

Carmier concentration at the edge of the depletion layer of a

pn junction. Maximum total dopants 2 X 10'% atoms/cm?.

Resistivity and Hall effect mobility of net electrically active
species. Requires thin-layer removal, concentration range

from 102° to 10"® atoms/cm?.

Resistance on angle-beveled sample. Good for comparison
with known profiles and quick semi quantative evaluation.

xj = lpm.
High sensitivity on many elements; for B and As

detection limit is 5 X 10%em™. Capable of measuring
total dopant profiles in 1000A range. Needs standards.

Total concentration. Lower limit is 10em™2, Limited
to radicactive elements with suitable half-life times:
P, As, Sb, Na Cu, Au, etc.

Applicable only for elements heavier than Si.

Measures total boron through IDB[I‘I,':IH-E}TLL or ”B{p.{r}.
Needs Van de Graaff generator. 62
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Resistivity

" Four Point Probe Measurement

current source and measurement

()
U

conductivity
1

P(x)

o(x)=e- - C(x)=

sheet resistance

R=PL-__]

B jo o(x)dx

63



I Xing;Sheng, EE@Tsinghua

Hall Effect

" Measure doping type and concentration

I -B
V — X z
T C.tee

n-type: V,>0

p-type: V,<0

64



SIMS
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= SIMS: Secondary lon Mass Spectroscopy

0 equipment similar with ion implantation

Primary ion
beam (Cs*)

Mass
spectrometer

Parallel
detection

1E+20 73

'|E+'|9-§

Concentration (atoms/cc)

1E+14 3

1E+13

1E+18 3
1E+17
'|E+16§

1E+15 3

B, Pand As implant in 5i

Depth (microns)





